AIChE

Computer-Aided Design of Tailor-Made lonic Liquids

Arunprakash T. Karunanithi and Amirhossein Mehrkesh
Dept. of Civil Engineering, University of Colorado Denver, 1200 Larimer Street, Denver, CO 80217

DOI 10.1002/aic.14228
Published online October 21, 2013 in Wiley Online Library (wileyonlinelibrary.com)

lonic liquids (IL), with their negligible vapor pressure, have the potential to replace volatile organic solvents in several
processes. They also exhibit other unique characteristics, such as high thermal stability, wide liquid range, and wide
electrochemical window, which make them attractive for many important applications. In addition, millions of ILs can
be formed through different combination of cations, anions, and other functional groups. Till now, majority of work on
IL selection, for a given application, is guided by trial and error experimentation. In this article, we present a
computer-aided IL design framework, based on semiempirical structure-property models and optimization methods,
which can consider several IL candidates and design optimal structures for a given application. This powerful method-
ology has great potential to act as a knowledge-based framework to aid synthetic chemists and engineers develop new

ILs. © 2013 American Institute of Chemical Engineers AIChE J, 59: 4627-4640, 2013
Keywords: ionic liquids, computer-aided molecular design, optimization, physical properties

Introduction

Tonic liquids (ILs) are an alternative class of solvents that
are increasingly being applied in chemical synthesis and
other applications.' They are entirely composed of ions and
the first IL—triethylammonium nitrate—was discovered
more than a century ago.2 ILs are essentially salts that have
low melting temperature and consist of a large organic cat-
ion and a charge-delocalized inorganic or organic anion of
smaller size and asymmetric shape.” They have excellent sol-
vation properties for a variety of inorganic, organic, and
polymeric materials. They possess good thermal stability and
do not decompose over a large temperature range making
them useful for carrying out reactions that require high tem-
peratures.' ILs also offer a wide liquid temperature range
making them attractive as liquid solvents. ILs are nonvolatile
and are rarely flammable or explosive, thereby presenting
fewer environmental risks and health hazards. These charac-
teristics have led to the emergence of ILs as alternative sol-
vents for several applications.

There exists a large library of anions and cations.*’
Similar to organic compounds, where the atoms carbon,
hydrogen, and oxygen can be combined to form thousands
of alternative molecular structures ILs can be formed
through any combination of cations, anions, and alky
groups attached to the cation head group leading to sev-
eral structural possibilities (estimated to be as many as
10" combinations).*’” This is due to the fact that ILs are
composed of organic cations and these organic compounds
can have unlimited structural variations due to the easy
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nature of preparation of many components.® Moreover,
synthesis of a wide range of ILs is relatively straightfor-
ward. This presents a great opportunity to engineer ILs
that have specific properties. Task specific ILs can be
designed for a particular application by controlling the
physicochemical properties by judicious selection/modifica-
tion of the cation, the anion, and/or the alkyl chains
attached to the cation. This also presents an unusual chal-
lenge, where synthesizing, screening, and testing the limit-
less possibilities becomes an impossible task.’

This is where in silico methods could act as a valuable
tool for discovering new ILs with tailored properties. Up
until now, majority of IL. computational studies are based on
ab initio methods such as molecular dynamics, and quantum
chemical calculations.'®"® These methods are extremely
important and offer useful insights as they are able to predict
properties without performing costly experiments. However,
as in the case of experiments, one needs to perform several
individual simulations which again is impractical due to the
long simulation times required for statistical averaging. Both
molecular dynamic simulations and experiments are neces-
sary and important steps in the selection of task specific ILs.
Nevertheless, these are steps to be applied at the final stages
of IL selection. The missing piece is a method for fast explo-
ration, design, and identification of a subset of promising
candidates, from the millions of IL alternatives that are
available.

Computer-aided molecular design (CAMD) is a promising
approach that has been widely applied for molecular systems
to design organic solvents for a variety of applications.'* 2"
It integrates property prediction models and optimization
algorithms to reverse engineer molecular structures with
unique properties. We believe that a similar approach is
even more relevant for the design of ILs due to the numer-
ous ionic combinations that are possible.
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Figure 1. CAILD framework.

Computer-Aided lonic Liquid Design (CAILD)

In this article, we present an overarching framework that
aims to identify ILs that exhibit certain desirable behavior.
Here, the identity of the compound (in this case IL) is not
known a priori, but we can specify the properties that the
compound (i.e., IL) needs to have.'* This approach termed
as CAILD can be defined as “given a set of IL functional
groups (i.e., base cations: Im*, Py+, NH," ....; anions: Cl~,
TN, BF, ....; side chain groups: CH;, =0, —S—,
OH....) and a specified set of target properties (e.g., melting
point, electrical conductivity, viscosity, solubility....) find an
IL structure that matches these properties.”

Intuitively, CAILD can be thought of as a reverse problem
of structure (or group) based property prediction as shown in
Figure 1. In the forward problem (property prediction), we
know the IL structure and are interested in its properties. In
the reverse problem (CAILD), we know the target property
values (or ranges) and are interested in feasible IL structures.
To implement CAILD, we need: (1) a framework to frag-
ment ILs into groups; (2) combination and feasibility rules
to identify chemically feasible ILs; (3) structure (or group)-
based models for property prediction; and (4) optimization
framework to search through millions of available alterna-
tives. Mathematical programming approach provides a useful
mechanism to solve such CAILD problems. Several
approaches including generate and test approach (e.g.,
Harper et al.),”! and optimization approaches (e.g., Sahinidis
and coworkers)?? have been used to solve such problems.
The solution to the underlying mixed integer nonlinear pro-
gramming (MINLP) model will result in the optimal molecu-
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lar structure for the given application. The objective function
is usually an important property related to the design prob-
lem, whereas the constraints relate to structural feasibility,
pure component properties, solution (mixture) properties, and
equilibrium relationships. A conceptual representation of this
approach is shown in Figure 2.

In this study for computer-aided design of ILs, a compre-
hensive approach in five sections is proposed. First section
will focus on describing the general mathematical framework
of the proposed approach; second section deals with struc-
tural constraints, providing an in-depth mathematical treat-
ment of feasibility, complexity, and bonding rules required
to design chemically feasible ILs; third section deals with
physical property constraints where group contribution (GC)-
based structure-property models are discussed for predicting
IL physical (pure component) properties; fourth section
focuses on solution property constraints that utilize the func-
tional group concept-based models, such as UNIFAC, for
calculation of solution (mixture) properties through activity
coefficients; fifth section focuses on operations research
methods for solving the proposed optimization model.

Mathematical framework

The generic mathematical formulation of the CAILD
model as an optimization problem is shown in Egs. 1-11.
This formulation takes the form of MINLP model.

fovj =max f(c,a,y,ng,x) (D
hi(c,a,y,ng)=0 2)
hy(c,a,y,ng) <0 3)
g2(c,a,y,ng) <0 )

di(c,a,y,ng,x)=0 &)
dy(c,a,y,ng,x) <0 6)
ceR" 7
acR" 3)
yeR ©)
ng € R? (10)
xeR (11)

where /) is a set of structural feasibility and complexity
equality constraints, /s, is a set of structural feasibility and
complexity inequality constraints, g, is a set of pure compo-
nent physical property inequality constraints, d; is a set of
equality design constraints, d, is a set of solution (mixture)

Figure 2. Conceptual description of CAILD.
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property inequality design constraints, ¢ is a m-dimensional
vector of binary variables denoting cation base groups, a is a
n-dimensional vector of binary variables denoting anion, y is
a u-dimensional vector of binary variables denoting the alky
side chains, ng is a g-dimensional vector of integer variables
representing number of groups in the alkyl side chains, and x
is a r-dimensional vector of continuous variables represent-
ing compositions, flow rates, and so forth.

IL structural constraints

The designed ILs need to satisfy certain rules to ensure
chemical feasibility. These rules, termed as structural con-
straints, include feasibility rules such as octet rule, bonding
rule, and complexity rules. Similar rules have been previ-
ously developed for molecular compounds.23’24 Equations
12-24 represent a comprehensive set of constraints that were
developed to ensure design of IL candidates that are chemi-

cally feasible.
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where ¢; is a vector of binary variables representing the cat-
ions and ag; is a vector of binary variables representing the
anions. y; is a vector of binary variables representing the
alkyl chains I. ngy, is a vector of integer variables represent-
ing the number of groups of type & in the alkyl side chain /.
Veis Vg are vectors of group valencies of the cations and
alkyl groups, respectively. G is the set of all alkyl groups
available for the cation side chains. Eqgs. 12 and 13 ensures a
maximum of one cation base and one anion, respectively, for
each IL candidate. Eq. 14 fixes the number of alkyl side
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Figure 3. A general Scheme of two feasible cation
structures.

chains attached to the cation based on available free valence
of the cation base. Modified octet rule: The implementation
of the modified octet rule (Eq. 15) ensures that any designed
cation is structurally feasible and that each valency in all
structural groups of the cation is satisfied with a covalent
bond. Note that this formulation has already accounted for
the positive charge associated with the cation. Equation 16
ensures that the octet rule is implemented for each side chain
[ to ensure that the valences in the individual chains are sat-
isfied with a covalent bond. Cation size: The size of the cat-
ion is controlled by introducing an wupper bound on
maximum number of groups n¥ that are allowed in the cat-
ion (Eq. 17). Alky chain size: The size of the alkyl chains
are controlled by introducing an upper bound on the maxi-
mum number of groups ng, that can be present in each
alkyl side chain (Eq. 18). Equations 19-21 can be utilized to
place restrictions on number of occurrences (1, t,, and t3) of
a certain group, G* , in each side chain /. In other words,
Eq. 19 can be used to make sure that a certain main group
such as aldehyde or alcohol not being present more than a
certain number of times in each side chain of the cation, and
Eq. 20 can be applied when we want a certain group to be
present at least #, times, and Eq. 21 can be used when an
exact number of occurrence of a certain group is desired, for
example, when we want to have exactly one aldehyde group
in a certain side chain in the cation. Equations 22-24 can be
utilized to place restrictions on number of occurrences (4, 5
and fg) of a certain group G** , in the cation, which can be
calculated as summation of number of occurrences of the
particular group in all the side chains in the cation. The pur-
pose of Eqs. 22-24 is exactly similar to that of Eqgs. 19-21
with the difference of placing restrictions on the number of
occurrences of a particular group in whole cation (summa-
tion of all of the side chains) instead of only one side chain.

The cation related structural feasibility constraint (Eq. 14)
is explained using the generic cation dialkylimidazolium
(shown in Figure 3a) as an example. According to the pro-
posed formulation the valency for this cation is 2 (i.e.,
Vi =2), as there are two alkyl side chains (R; and R,) that
are allowed. Similarly, the valency of a trialkylimidazolium
(shown in Figure 3b) is 3. For dialkylimidazolium, the right-
hand side (RHS) of Constraint 3 (Eq. 14) will translate into
Y ice Civei=(1)(2)=2, which will fix the left-hand side
(LHS) of Constraint 3 as >.0,y=2 thatis,[y;=1]
and [y3;=1]. Therefore, the vector y, will take the following
values [101000] with the two ones representing the presence
of two alky side chains at positions 1 and 3. Next, with the
use of few feasible and infeasible examples shown in Figure
4, we explain how the whole set of feasibility constraints
(Egs. 12-16) work. Figure 4a shows a feasible IL, 1,3-dieth-
ylimidazolium tetrafluoroborate. The cation valency and
alkyl group valences related to this IL are listed in Table 1.

The values related to the vectors y; and ngy, for this IL are
listed in Table 2.
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Figure 4. Examples of feasible and nonfeasible ILs.

In this case, there is only one cation base (Eq. 12 is satis-
fied) and one anion (Eq. 13 is satisfied). The number of side
chains are 2 which equates to the valency of cation (Eq. 14
is satisfied). Now, LHS of Eq. 15 translates into (2 —
() + (2 =2 + 2= DHMD] + [2=2)(D(D) + 2~
1) (1)(1)] = 2 which is equal to RHS of the equation (Eq. 15
is satisfied). For both of the side chain positions (/) 1 and 3,
LHS of Eq. 16 translates into [(1)(1)2—1)+ (1)
(1)(2 —2)] =1 which is equal to RHS of the equation (Eq.
16 is satisfied). Equations 17 through 24 are only used to
control the cation size and place restrictions on the type and
number of occurrences of select groups. As such these are
not feasibility constraints but user specified structural design
constraints. Figure 4b shows an infeasible imidazolium-
based IL. In this case, there is only one cation base (Eq. 12
is satisfied) and one anion (Eq. 13 is satisfied). The number
of side chains are 2 which equates to the valance of cation
(Eq. 14 is satisfied). The LHS of Constraint 4 (Eq. 15) trans-
lates to Q2—-2)(DH+[2-=2)(1) (HD+ Q—=2)(H)(D]+
[Q—DM)(DH+ 2-—D)(D)]=2, which equates to the
RHS of the equation and hence Constraint 4, related to the
whole cation, is satisfied. However, Constraint 5 (Eq. 16)
related to the side chains are violated as follows: for side
chain /=1 containing two ethyl groups Eq. 16 translates to,
[(DH(1)2 —2)+ (1)(1)(2 —2)] #1, and for side chain [=3
containing two methyl groups Eq. 16 translates to,
(D2 = 1)+ (1)(1)2—1)] #1. Therefore, the structure
shown in Figure 4b is infeasible. For the structure shown in
Figure 4c, Eqs. 12—14 are satisfied. The LHS of Constraint 4
(Eq. 15) translates to (2 —2)(1) + [(2 —=2)(1)(2) + (2 — 1)(1)
(D] + [(2 = 1)(1)(2)] = 3, which does not equate to the RHS
of the equation (i.e., 2) and hence Constraint 4, related to
the whole cation, is violated. Constraint 5 (Eq. 16), related
to the side chains translates to the following: for side chain
position 1 (i.e., /=1), LHS of Eq. 16 is [(1)(2)(2 —2) + (1)

Table 1. Cation and Alkyl Side Chain Groups Valences

Cation Groups (c) i Vei

/’ 1 2
i/
(:I,»

Alkyl Groups (k)
CH3
CH,
CH3
CH,

UGkl

L L) — = T
N — D
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Table 2. Values of y; and ng;; for 1,3-diethylimidazolium
tetrafluoroborate

/ Vi k ngu

1 1 CH; 1
CH2
3 1 CH;
CH2

—_— =

()2 — 1)] =1, which equates to the RHS of the equation
(i.e., 1), but for side chain position 3 (i.e., / =3) the same
equation translates to [(1)(2)(2—1)] =2 which does not
equate to the RHS of the equation (i.e., 1) and hence Con-
straint 5, related to side chain 3, is violated. Therefore, the
structure shown in Figure 4c violates two of the feasibility
constraints and hence is infeasible.

Physical property constraints

IL structures play a key role in determining their unique
physical properties. Physical property constraints utilize
structure-property models which provide insights into the
relationship between molecular structures and their proper-
ties. The particular type of structure-property relationships
suited for CAILD are group contribution models (GC). As
discussed before, GC models for physical properties are
based on functional group additive principle. The IL is frag-
mented into characteristic groups and the property of interest
is predicted as an additive function of the number of occur-
rence of a given group times its contribution to the pure
component property. The contribution parameters of different
groups are derived by correlating experimental data to a
group additive expression. These models exist for several IL
physical properties such as viscosity,> density,”*">’ melting
point,30 electrical conductivity,31 thermal conductivity,31 heat
capacities,32 solubility parameter,33 and toxicity.34

Solution property constraints

Thermodynamic properties of nonideal solutions are
important for evaluating intermolecular interactions between
multiple components (both ionic and molecular) present in a
mixture. These thermodynamic properties are essential to
evaluate the potential of ILs as solvents for reaction (solid
solubility and liquid miscibility) and separation of fluid mix-
tures (liquid-liquid extraction and gas—liquid absorption). An
essential requirement is the ability to predict excess Gibbs
free energy (activity coefficients) of systems involving ILs
which will enable prediction of equilibrium concentrations.
These constraints are not only a function of binary/integer
structure variables but also relate to the compositions of the
various components of the mixture. The proposed CAILD
framework requires models of activity coefficient that are
based on solution of groups’ concept. The basic hypothesis
of the functional group concept is that interactions between
molecules can be approximated as interactions between func-
tional groups. The interaction amongst the groups of a mix-
ture of an IL, [mIm][Tf,N], and CH;O0H is shown in Figure
5.

The number of distinct cation head groups, anion groups,
and alkyl groups are much less in comparison to the number
of distinct ILs that can be generated from them. Therefore, a
relatively small number of group interaction parameters are
required to represent all possible ILs. UNIFAC® is a widely
used GC model to predict phase equilibrium in nonelectro-
Iyte systems. The UNIFAC method (UNIlversal quasi-
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Figure 5. Different types of group interactions involved
in solutions containing ionic species.

chemical Functional-group Activity Coefficients) uses the
concept of functional groups to calculate activity coeffi-
cients. The activity coefficient has a combinatorial contribu-
tion (due to differences in size and shape of molecules) and
residual contribution (due to energetic interactions).

Iny;=In in + Iny¥ (25)

The group volume (R) and surface area (Q) parameters of
the combinatorial part are calculated as summation of group
parameters (volume R, and surface area Q) while binary
group interaction parameters (a,,, and a,,,) are required for the
calculation of the residual component. The UNIFAC approach
was originally used for nonelectrolyte systems, however, in
recent times several research groups have utilized this
approach for ILs by careful representation of ionic groups and/
or incorporating assumptions that factor the ionic nature of the
groups. In order to apply the UNIFAC model, in its current
form, to ILs Wang et al.>® and Lei et al.*’ treated ionic groups
as a single nondissociate neutral entity. For example, the IL
[BmIm]' [BF4]~, was decomposed into two CHjs groups,
three CH, groups, and one [Im][BF4 ] group. Using the above
representation Lei et al.’” have added 12 new ionic groups
(e.g., [Im][PFg]) to the existing UNIFAC table. IL groups are
being included in the modified UNIFAC (Dortmund) model.*®
Most recently, Roughton et al.>* have characterized the ionic
groups in the same way as proposed in our proposed CAILD
formulation, that is, as separate cation base, anion, and alkyl
groups. The underlying assumption here was that the ionic
groups can be treated separately and the interactions between
the ionic groups can be assumed to be zero due to the strong
interaction and weak dissociation between ion pairs.33 More
detailed treatment of UNIFAC approach for ILs can be found
in Roughton et al.,> Wang et al.,*® and Lei et al.””

Liquid-liquid equilibrium

Designing industrial scale liquid-liquid separation systems
using IL requires modeling equilibrium relationships. In a non-
ideal liquid mixture, species which have limited mutual solu-
bility in the given liquid phase exhibit positive deviations from
Raoult’s law. The quantitative measure of nonideality is the
liquid activity coefficient y, which is a function of composition
and temperature. If we identify the two liquid phases as [, and
Iy, their respective mole fractions in the two phases are related
by the equilibrium condition as follows

l“Xl,i = Vlz"xz,i (26)

v
where, /11 and 72 are activity coefficients of component i in
the liquid phases 1 and 2, respectively, and x;; and x,; are
mole fractions of component 7 in the two phases.
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Solid-liquid equilibrium

Estimation of equilibrium saturation concentrations of
solid-liquid systems is essential to model processes that
involve solute dissolution and crystallization. The liquid
phase activity coefficient predictions discussed before and
pure component properties of solute (Ty,, ...), can be utilized
for these calculations.

sal Af H T sa
Inx — T (1—7'")+1ny1‘20 (27

m

where A H, T, and T represent enthalpy of fusion (J/mol),
melting point (K) and temperature (K), respectively. yj*' rep-
resents activity coefficient of solute at saturation and x{ is

the solubility of solute.

Solution of the underlying MINLP

The presented CAILD model is a nonconvex, MINLP
problem, involving large number of integer and binary varia-
bles. Consideration of mixture properties through the UNI-
FAC model results in nonlinearity and most of the binary
design variables (structural) participate in the nonlinear
terms. Combinatorial complexity is an inherent issue in
CAMD-MINLP models due to the nature of the search
space. The most direct approach for solving the underlying
MINLP model is complete enumeration. Generate and test
methods fall under this category.?! Solution to the MINLP
model can also be achieved through mathematical program-
ming using deterministic (e.g. branch and bound,* branch
and reduce?®) and stochastic optimization methods (e.g.
simulated annealing,41 genetic algorithms (GAs),* and Tabu
search'®). Approaches that combine features from both
domains, such as decomposition methods, have also been
previously developed.zz’43 Achenie et al.'* provide a detailed
description of various solution techniques in the context of
molecular design problems. In this article, we focus on solv-
ing the CAILD framework utilizing two different methods:
the decomposition methodology (includes generate and test
algorithm) and GA-based optimization. The purpose is to
demonstrate that different types of solution approaches can
be used toward solution of the proposed CAILD formulation.
Main details about the two approaches are provided below
while in depth analysis can be found elsewhere.*>**

Decomposition method

In this approach, the CAILD-MINLP model is decom-
posed into an ordered set of subproblems where each subpro-
blem requires only the solution of a subset of constraints
from the original set. As each subproblem is being solved
large numbers of infeasible candidates are eliminated leading
to a final smaller subproblem. The first subproblem usually
consists of the structural constraints and it equates to enu-
meration. The second subproblem consists of pure compo-
nent (physical) property constraints, whereas the third
subproblem consists of mixture property constraints. These
three subproblems taken together equate to generate and test
methods. The IL candidates that pass through all of the
above subproblems are the only ones that will be considered
in the final optimization subproblem that involves the objec-
tive function, equilibrium relationships, and process models
(if considered in the design problem). Most often, solution to
the final subproblem can be achieved by solving a set of
nonlinear programming problems.

DOI 10.1002/aic 4631



Table 3. The Basis Set Used for Ionic Liquid Design.

Cations Valency Anions Groups Valency
Im 2 BF CHj; 1
mIm 1 PF¢ CH, 2

Py 2 TfN™

mPy 1 Cl™

Genetic algorithm

GA is a method that can be used to solve optimization
problems based on the natural selection process that mimics
biological evolution. It can be applied to solve problems that
are not well suited for standard optimization algorithms,
including problems in which the objective function is discon-
tinuous, nondifferentiable, stochastic, or highly nonlinear.**
Unlike traditional search and optimization methods, GAs
perform a guided stochastic search where improved solutions
are achieved by sampling areas of the search space that have
a higher probability for good solutions.** The optimization
process starts with a collection of chromosomes (candidates).
The fitter candidates are selected as “parents” and allowed to
exchange or alter their genetic information, through cross-
over and mutation operations, with an aim to create more fit-
ter off springs. At every iteration, new populations of
offsprings are created to replace the existing population.
This process of evolution is repeated for a predetermined
number of generations or till the solution is found.** In GA,
the selection of fitter parents for next generation is based on
their fitness values as determined by a fitness function. The
fitness function is usually very closely related to the original
objective function of the search problem (in all of the case
studies presented in this paper, the fitness function was iden-
tical to the objective function). The GA solution of CAILD
model was implemented in the MATLAB environment with
most parameters taking the default values. Specifically, for
all the case study problems, the population size was fixed at
20 and the initial population was generated randomly. The
crossover fraction was fixed at 0.8, whereas the mutation
probability was fixed at 0.2. We allowed two candidates
with the best fitness values (elite candidates) in the current
generation to automatically survive to the next generation.

Case Studies

In this section, several case studies have been presented to
illustrate the usefulness of the proposed approach. Table 3
lists the entire set of groups and their respective valences,
from which the basis sets for the four case studies were
derived. Note that this basis set covers only a small set of
cations, anions, and functional groups for which GC parame-
ters are currently available for the properties of interest.
However, the design approach itself is universal in nature
and upon availability of GC models and parameters can be
easily extended (e.g., to all groups in Appendix A) to cover
the entire spectrum of possible ILs. The maximum value
allowed for the number of groups were fixed at 6 for each
side chain and 12 for the whole cation.

Electrolytes

This case study demonstrates the design of an IL that has
high electrical conductivity. Electrical conductivity measures
the ability of a material to conduct electric current. It is an
important property for the development of electrochemical
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devices such as high energy batteries. Other requirements
include the following: the electrolyte (i.e., IL) needs to be a
room temperature ionic liquid (RTIL); and it should have
reasonably low viscosity.

The electrical conductivity of ILs can be estimated using a
Vogel-Tamman-Fulcher (VTF) type equation shown in Eq.
28

B
In/A=InA,+ T=To)) (28)
where A;, and B, are adjustable parameters that can be
obtained through GC expressions (Egs. 29 and 30) as pro-
posed by Gardas et al.,’! and T, has the value of 165 K for
all considered IL types.

k
A=Y nia (29)
i=1

k
Bi=Y nib; (30)
i=1

where 7; is the number of groups of type i and k is the total
number of groups considered. Table 4 shows the GC param-
eters used.

The viscosity of ILs is calculated using an Orrick—Erbar-
type approach.*’ In this method, viscosity (n, in cP) can be
predicated as a function of density (p, in g cm ~3) molecu-
lar weight (M), temperature (7)), and parameters A and B
through the use of Eq. 31.

B

In—L =A+> 31)
oM T

We use the GC technique proposed by Gardas et al®!' to
estimate the parameters A and B as follows

k
A= Z n; Av’,' (32)
i=1

-

B=» n; B,; (33)

i=1

where n; is the number of occurrences of group i (cation,
anion, and functional groups) and A, ; and B, ; are the contri-
butions of group i to the parameters A and B, respectively.
The IL densities are estimated using the below formula.

M

= NV{atbT+cP) (34)

i

where p the density in kg m >, M is the molecular weight
in kg moli_l, N is the Avogadro number, V is the molar vol-
ume in A", T is the temperature in K, and P is the pressure

Table 4. Group Contributions for Parameters A, and B

Species a; b; (K)
Im 77.8 —501.5
mIm 779 —537.6
Py 69.6 —544.9
mPy 69.7 —581.0
BF, 85.8 —1294
PFs~ 117.3 —278.6
THN™ 10.1 —46.4

CH; 0.1 —36.1

CH, 0.1 —36.1
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Table 5. Group Contributions for Parameters A, B and V

Table 8. Decomposition Approach: Subproblem Results

Species AV A, B,

Im 84 8.04 1257.1
mIm 119 7.3 1507.1
Py 111 7.61 1453.6
mPy 146 6.87 1703.6
BF, 73 —18.08 1192.4
PFs~ 109 —20.49 2099.8
TN 248 -17.39 510.0
Cl 47 —27.63 5457.7
CH; 35 -0.74 250.0
CH, 28 —0.63 250.4

Table 6. . Values for Different Cations

Type of Cation 0. Value
R = R (Im, Pyr, Pip) 0.265
R # R (Im, Pyr, Pip) 0.317
R or R and dimethylamino in C(4) (Py) 0.265

in MPa. Based on the data provided in Gardas et al.>', we
developed GC parameters for molar volume with expressions
similar to Eqgs. 32 and 33. The values of coefficients a, b,
and ¢ are 0.8005+0.0002, 6.652X10"*+0.007 X10~* K™!
and —5.919x107*+0.024 x10~* MPa~!'. Table 5 shows
the GC parameters used in this model.

The melting point of ILs is estimated by a GC approach
using Eq. 35 as proposed by Aguirre et al.*

T = ZlniTmﬁi

m
ato.+ct.

(35)

where n; is the number of occurrences of group i (cation,
anion, and functional groups) and T,,; is the contribution of
group I to the melting point, @ and ¢ are constants with val-
ues of 0.1 and 0.012, respectively. 7., which is related to the
cation flexibility, is estimated using Eq. 36 and ¢, is a cation
symmetry parameter having values shown in Table 6.

T.= Z (n(CH2),—1) (36)

k

The contribution, T,,; of different groups are listed in
Table 7.

The CAILD design problem expressed in mathematical
form is shown in Eq. 37-40.

Table 7. Group Contributions for Ionic Liquid Melting Point

Subproblem 1: Number of ionic liquids (ILs) generated, 138

Subproblem 2: Number of ILs satisfying pure component
properties, 26

Subproblem 3: No mixture properties

Subproblem 4: Optimal IL, mIm [Tf,N]

Objective Function.

Jobj = max (4) (37
Constraints.
IL structural feasibility (38)
n < 65 cP 39)
T, <298.15 K (40)
Results. Decomposition approach. The design statis-

tics for this problem are summarized in Table 8. A total of
138 feasible IL structures were enumerated in Subproblem 1.
Out of these, 26 ILs satisfied the physical property con-
straints (viscosity and melting point) in Subproblem 2. There
were no mixture properties considered (Subproblem 3) and
the solution to final subproblem (Subproblem 4) resulted in
the optimal IL structure [1-methylimidazolium bis (trifluoro-
methylsulfonyl) imide] with the highest electrical conductiv-
ity (shown in Figure 6). The properties of the designed IL
are listed in Table 9.

The same design problem (Eqgs. 37-40) was solved using
the GA toolkit in MATLAB (as explained in the Genetic
algorithm section) and the program picked the exact same
structure (shown in Figure 6) as the optimal solution.

Analysis. In this section, we focus on the validation of
design results through careful consideration and analysis of
available experimental data. Table 10 lists the available
experimental electrical conductivity, 4, (S/m) at 25°C for
seven different ILs that are based on the cation, anion and
side groups considered in this case study (Im, Py, PFgs, BF,,
Tf,N, CH;, and CH,). Unfortunately, we could not find the
electrical conductivity data for the designed IL [1-methylimi-
dazolium bis (trifluoromethylsulfonyl) imide]. Therefore, we
perform a qualitative IL structure-property trend analysis to
validate the design results.

The electrical conductivity values have the following
trend: /I[Cﬁ'mim]szN > [C4mim]BF4 >/ [C4mim]PF6~ As, all
of the above ILs have the same cation (Cymim) but different

CHj
~

e e .9
(_N D FiC-$-N=S-CF;
o O

Figure 6. 1-methylimidazolium [Tf;N].

Group Toni

Im 107.99

mIm 109.88

Py 117.212 Table 9. Design Results of the Optimal IL

mPy 119.102 i L .

BE,” 0479 1-methylimidazolium [Tf,N]

PE, - 16.746 Properties Value

TN —0.966

cl 35.852 Melting point (K) 270.15

CH;, —1.463 Viscosity (cP) 21.293

CH-2 —1.463 Electrical conductivity (S m™ ") at 25°C 1.0956
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Table 10. Experimentally Measured Electrical Conductivities
of Ionic Liquids

lonic liquid T (°C) 7 (S/m) Ref.
HyC \/\,'*"lr\__//\l‘«l‘?C“:sPF6 25 0.146 47
"I:!C\/Nf\—‘:/\"?c“a TE,N 25 0.912 47
“:;C\/\,,N/\:,/\t»l‘?fc"|3 TE,N 25 0.406 47
HaC \,\,\,Nf\:,/\m‘i‘c”3 TE,N 25 0.218 47
H3c/\/",j'“?c“3 BF, = 0.59 48
25 0.35 48

(/j 25 0.33 49
o

anions (Tf,N, PF¢, and BF,;), we can infer that electrical
conductivities of ILs with Tf,N anions are greater than those
with PFg and BF, anions (for same cation and alkyl groups).
The design result is consistent with this observation as the
optimal structure has Tf,N anion. Similarly, by comparing
the electrical conductivities of ILs having the same anion
(TfhN), we can see that [Comim] TN > [Cymim]
THN > [Cgmim] Tf,N. Therefore, we can conclude that
increasing the number of alkyl groups on the cation side
chain decreases the electrical conductivity. The design result
(Figure 6) is also consistent with this observation as there is
only one methyl group (minimum needed to satisfy the cat-
ion valency) present in the cation side chain. Next, we com-
pare the A of [Cymim] Tf,N and [C4Py] Tf,N which have
the same anion and different cations. We found experimental
electrical conductivity data for [C4Py] Tf,N but there was no
data available for [C4ymPy] Tf,N. As we already know that
addition of alkyl groups to the cation base will decrease the
electrical conductivity, we can infer that 4 [CsmPy]
Tf,N < 0.33 S/m (i.e., 1 [C4Py] Tf,N) which in turn is much
less than A [Cymim] Tf,N (0.406 S/m). Therefore, we can

CHs

oy
N
N

CHs
Figure 7. 1-ethyl-3-methylimidazolium [BF,].

Table 11. Group Contributions for Parameters A; and B

Species ay by (KTh
Im 0.1272 0.000000104
mlm 0.1314 0.00000787
BF,~ 0.0874 0.00008828
PFs~ 0.0173 0.000009088
TN 0.0039 0.00002325
Cl™ 0.0166 0.00001
CH3; 0.0042 0.000007768
CH, 0.0010 0.000002586
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Table 12. Decomposition Approach: Subproblem Results

Subproblem 1: Number of ionic liquids (ILs) generated, 92

Subproblem 2: Number of ILs satisfying pure component
properties, 15

Subproblem 3: No mixture properties

Subproblem 4: Optimal IL, 1-ethyl-3-methylimidazolium
tetrafluoroborate

conclude that electrical conductivity of ILs with
imidazolium-based cations are greater than pyridinium-based
cations (for same anion and alkyl groups). The design result
is consistent with this observation as the optimal structure
selected had an imidazolium cation. Overall, the model
results are in full agreement with the observed trends from
experiments, thereby validating the proposed approach.

Heat transfer fluids

ILs show great promise as heat transfer fluids and heat
storage medium. High thermal conductivity is an important
property for such applications. Thermal conductivity meas-
ures the ability of a material to conduct heat. Thermal con-
ductivity of ILs is weakly dependent on temperature and
could be fitted with the following linear correlation.

k :Ak _BkT (41)
where, k and T are the thermal conductivity in W m ' K!

and temperature in K, respectively. We utilize a method®*
that uses GC approach to estimate the parameters A, and By.

k

A= ni a (42)
i=1
k

By= Zn,- bi (43)
i=1

Table 11 shows the GC parameters that were used. Pyri-
dinium and methyl pyridinium have not been considered in
this part as their group contribution parameters were not
found.”!

Melting point and viscosity of ILs were calculated through
the same methods proposed in case study 1. The CAILD
design problem expressed as an optimization model is shown
in Egs. 44-47.

Objective Function.

forj = max (k) (44)
Constraints.
IL structural feasibility 45)
n < 65 cP (46)
T, <298.15 k 47)
Results. Decomposition approach. The design statis-

tics for this problem are summarized in Table 12. A total of 92
feasible IL structures were enumerated in Subproblem 1. Out
of these, 15 ILs satisfied the physical property constraints (vis-
cosity and melting point) in Subproblem 2. There were no
mixture properties considered (Subproblem 3) and the solution
to final subproblem (Subproblem 4) resulted in the optimal IL
structure  (1-ethyl-3-methylimidazolium tetrafluoroborate)
with the highest thermal conductivity (shown in Figure 7).
The properties of the designed IL are listed in Table 13.

The same design problem (Eqs. 44—47) was solved using
the GA toolkit in MATLAB (as explained in the Genetic
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Table 13. Design Results of the Optimal IL 1-ethyl-3-
methylimidazolium [BF,]

Properties Value
Melting point (K) 291.71
Viscosity (cP) 60.75
Thermal conductivity (W m~' K™') at 25°C 0.193

algorithm section) and the program picked the exact same
structure (shown in Figure 7) as the optimal solution.

Analysis

Table 14 shows experimental thermal conductivity, £ [W
m ! K1 for 10 different ILs that are based on the cation,
anion, and side groups considered in this case study (Im,
PF¢, BE,, Tf,N, CHs, and CH,). The designed IL (Figure 7)
is same as the IL with the highest thermal conductivity value
in Table 14 ([Comim] BF,). This partially validates the
results. However, for a more holistic assessment, we perform
a qualitative IL structure-property trend analysis to determine
whether the designed results are consistent with observed
data. By comparing the thermal conductivity values (Table
14), we see that k [c;mim] BF4 > k cmim) PFe>
k c,mim) Tf2N. As all of these ILs have the same cation
(C4mim) but different anions (Tf,N, PFs and BF,), we can
infer that thermal conductivities of ILs with BF, anions are
greater than those with PFg and Tf,N anions. The design
result is consistent with this observation as the optimal struc-
ture has BF, anion. The only base cation considered in this
design problem is imidazolium. By comparing the k values
of different ILs with the same base cation and same anion,
but different side groups, that is, [C4mim] PFg vs. [Cgmim]
PF¢ vs. [Cgmim] PFg; and [Comim] THHN vs. [Cymim] TN
vs. [Cgmim] THHN vs. [Cgmim] THN vs. [Ciomim] THN, we
can see that the contribution of alkyl side chain groups are
not as high as that of anion, and there is no uniform trend
that is observed in relation to varying number of alkyl side
chain groups. Therefore, the optimal numbers of alkyl side
chain groups relate to other requirements such as the IL
needing to be a liquid (i.e., T,,< 25°C for RTILs) and have
relatively low viscosity. Overall, we can conclude that the

Table 14. Experimental Thermal Conductivity Data

Tonic Liquid TXK) kWm 'K Ref
= 315 0.145 50
lrjcwu\,/rq’fmsPFG
e 315 0.146 30
By WVN\//N“‘CH:,PE’
M\ e 315 0.145 30
HC WN\’/~‘CH3PF6
M\ 315 0.1968 st
HaC N NS, BF4
= 315 0.1847 st
®
MG AN gy BFs
A\ 315 0.1294 52
HBCVN\,/N?(:H:sszN
e . 315 0.1264 2
Hach\,/N.,CHSTtQN
e 315 0.1263 32
HyC W\/N\’/N“CHBT&N
= 315 0.12715 52
H,C \/\/\/\/N\//N?C“}szN
315 0.1299 2

e
R]c\/\/\/\/\/N\//N\C“ijZN
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design results are consistent with the observed experimental
structure-property trends of thermal conductivity data.

Toluene—heptane separation

A common use of solvents in industrial processes is as a sepa-
rating agent to separate two liquid components. This case study
relates to the design of optimal IL to separate toluene (aromatic)
and n-heptane (aliphatic). Sulfolane (C4HgO,S) is a molecular
solvent that is commonly used for this purpose. The design
objective is to find an IL that can improve performance in com-
parison to sulfolane. One key requirement is to select an IL with
as low viscosity as possible since, viscous solvents are not ideal
from the stand point of industrial equipment design. The other
requirement is to ensure that the designed solvent is a RTIL as
the process requires a liquid solvent. A constraint on melting
point (Eq. 56) is necessary to ensure design of RTILs only.
Melting point and viscosity of ILs were calculated through the
same methods proposed in Case Study 1. A good separation sol-
vent should have a high value for selectivity (Eq. 48) and sol-
vent power (Eq. 49), and low value for solvent loss (Eq. 50).

o9

Selectivity : = 125 (48)
yA,.\‘
1
Solvent power : SP = — (49)
"A,s
1
Solvent loss : SL = —— (50)
VsB

The three properties are function of infinite dilution activ-
ity coefficients of the n-heptane/toluene/IL solution. The
activity coefficients are calculated using the UNIFAC model
and the interaction parameters for ILs were taken from
Roughton et al.>* Another important consideration is that,
the addition of IL to the binary liquid mixture should result
in the creation of two liquid phases. The appearance of new
phases in a multicomponent system can be checked through
the implementation of necessary and sufficient conditions for
phase stability. These conditions for a ternary system, are
shown in Egs. 51 and 52. The activity coefficients were
again calculated using the UNIFAC method as discussed
before.

1
X2 aXQ < 0 (5 )

1 Jlny, 1 Olny, Olny, Olny,

(Xz * 6x2 >+ ()C3 * 8)(3 > 8X3 ' aXQ <0 (52)
The CAILD design problem expressed as an optimization
model is shown in Eqs. 53-58. It is worth mentioning that
currently cost data is not available for ionic liquids as they
are for the most part not commercially produced and it is
also difficult to utilize cost information within a computer-
aided molecular design framework. Hence cost was not con-

sidered for minimization.
Objective Function.

1 0Olm Oln
(1—x2)(—+ /2>—X3 6}(:2

Jooj = max (B) (53)
Constraints.
IL structural feasibility (Eqs.12-18) (54)
n < 65 cP (55)
T, <298.15 k (56)
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Table 15. Decomposition Approach: Subproblem Results

Subproblem 1: Number of ionic liquids (ILs) generated, 185

Subproblem 2: Number of ILs satisfying pure component
properties, 27

Subproblem 3: Number of ILs satisfying mixture properties, 1

Subproblem 4: Optimal candidate, mPy [BF,]

CH,
| & F
N

I
| X FBB\—F
A =

Figure 8. 1-methylpyridinium [BF,].

SL < 0.0065 (57)
SP > 0.3719 (58)

Results. Decomposition approach. The design statis-
tics for this problem are summarized in Table 15. A total of
185 feasible IL structures were enumerated in Subproblem 1
(structural constraints). Out of these, 27 ILs satisfied the
physical property constraints (viscosity and melting point) in
Subproblem 2. Out of these, one IL satisfied the mixture
property constraints (Eqs. 57 and 58). The optimal IL struc-
ture (1-methylpyridinium tetrafluoroborate) with the highest
selectivity is shown in Figure 8. The properties of the
designed IL are listed in Table 16. Finally, we verified
whether the designed IL created two phases when added to a
hypothetical binary mixture consisting of 70% n-heptane
(aliphatic) and 30% toluene (aromatic). This was accom-
plished by solving Egs. 51 and 52 for a range of ternary
compositions (keeping n-heptane to toluene ratio constant).
We identified that phase split occurs at solvent composition
range of 0.4-0.9.

The structure of the optimal IL that satisfies all the con-
straints and has the maximum selectivity (f) is shown in
Figure 8. The properties of the designed IL are listed in
Table 16.

Analysis. Table 17 shows experimental selectivity values
for separation of aromatics from an aromatic/aliphatic mix-
ture using different ILs.>®> By comparing the selectivities for
separation of benzene from benzene/heptane mixture, we see
that f (ymim] BF4 > B |hmim] PFs. As both of these ILs have
the same cation (hmim) but different anions (PFg and BF,),
we can infer that selectivities of IL with BF, anions are
greater than those with PFg anions. By comparing the selec-
tivities of [bmim] Tf,N and [bmim] PFs (same cation and

Table 16. Design Results of the Optimal IL
1-methylpyridinium [BF,]

Properties 1-methylpyridinium [BF,] Sulfolane
Melting point (K) 294.8 300.65
Viscosity (cP) 55.084 10.07

SL 0.006471 0.0065 (t,)
SP 0.67193 0.3719 (t,)
p 87.262 6.8023 (3)
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Table 17. Experimentally Measured Selectivities for
Aromatic/Aliphatic Separations

Solvent Separation T (°C) f (selectivity)
— Tol 4 29.
H__‘c'N\?N?cuanzN oluene/heptane 0 9.8
=\ Toluene/heptane 40 22.2
"3cv"\//N?cu3Tf2N thep
/\ Toluene/heptane 40 16.7
Hacwn\,/N?CHijzN uene/hep
- Tol te 40 21.3
HSCWN\//N?CH}PFG oluene/heptane
=\ Benzene/heptane 25 8.20
A MM, PFo hep
T Benzene/heptane 25 8.40
HBCV\/VN\//N?(;HBBFAt fhep
CHy Toluene/heptane 40 32.8
=
\ +
N BE,

different anions), for separation of toluene/heptane mixture,
we can infer that selectivittes with PFg anion are greater
than selectivities with Tf,N anion. Therefore, we can con-
clude that among the anions used in the design problem
(Tf,N, PFg, and BF,), ionic liquids having BF, anion should
have the highest selectivity toward aromatic compounds. The
design result is consistent with this observation as the opti-
mal IL has BF, anion. Similarly, by comparing the selectiv-
ities for separation of toluene/heptane mixture, we can see
that ﬂ [mmim] Tf,N > ﬂ[emim] Tf,N> ﬁ [bmim] Tf,N- This shows
that increasing number of alkyl groups on the cation side
chain decreases the selectivity. The design result (Figure 8)
is consistent with this observation also as there is only one
methyl group (minimum needed to satisfy the cation
valency) present in the cation side chain. With respect to cat-
ion, several studies have reported that pyridinium-based cati-
ons have higher selectivity than imidazolium-based cations
for aliphatic/aromatic separation. This is also consistent with
our design results as the optimal IL had pyridinium-based
cation. This trend analysis qualitatively validates the CAILD
methodology as well as the group interaction parameters
(e.g., UNIFAC parameters provided in Roughton et al.) used
in the model.

These qualitative trends from experiments are consistent
with our CAILD results. The optimal design has a BF, anion
and has minimal number of alkyl side groups (note that the
selected methylpyridinium base cation needs at least one
CHj; group, that is, the minimum possible number of groups,
to satisfy the valence requirement).

Naphthalene solubility

In this case study, we consider the design of an IL solvent
for the dissolution of organic compound naphthalene. A
molecular solvent having high solubility for naphthalene and
commonly used for its dissolution is chloroform. The meas-
ured solubility of naphthalene in chloroform is 0.473 mole
fraction.>* Our objective is to find an IL that has higher solu-
bility for naphthalene than chloroform. In addition, the IL
needs to be an RTIL, and have a reasonably low viscosity.
The melting point and viscosity are calculated using the
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Table 18. Decomposition Approach: Subproblem Results

Subproblem 1: Number of ionic liquids (ILs) generated, 185

Subproblem 2: Number of ILs satisfying pure component proper-
ties, 27

Subproblem 3: Number of ILs satisfying mixture properties, 27

Subproblem 4: Optimal candidate, 1-butyl-3-ethylimidazolium
[T:N]

7 CHy 5
/ \ no_n
ql) FoC-S-N=$-CF;

0O O
K/\CH3

Figure 9. 1-butyl-3-ethylimidazolium [TfoN].

same models described in the Case Study 1. The expression
shown in Eq. 61 is invoked to ensure solid—liquid phase
equilibrium conditions, in order to determine the saturation
concentration of solute (i.e., solubility).43 The CAILD design
problem expressed as an optimization model is shown in

Eqgs. 59-63.

Objective Function.

fobj =max (x}) (59)
Constraints.

IL structural feasibility (60)
lnxl—A;L:ran <1—T—;> +1Iny* =0 (61)
n <65 cP (62)
Ty <298.15 k (63)
Results. Decomposition approach. The design statis-

tics for this problem are summarized in Table 18. A total of
185 feasible IL structures were enumerated in Subproblem 1.
Out of these, 27 ILs satisfied the physical property con-
straints (viscosity and melting point) in Subproblem 2. The
optimal IL structure (1-butyl-3-ethylimidazolium [Tf,N])
with the highest solubility is shown in Figure 9. The proper-
ties of the designed IL are listed in Table 19.

The structure of the optimal IL that satisfies the con-
straints is shown in Figure 9. The optimal properties of the
designed IL are shown in Table 19.

Conclusions and Future Perspectives

An important component of green chemistry relates to the
solvent medium in which synthetic transformations are car-
ried out.> Traditional volatile organic solvents—which act
as common reaction media for several chemical processes—
are linked to a host of negative environmental and health
effects including climate change, urban air-quality, and
human illness. Jessop™® states that one of the major chal-
lenges in the search for environmentally benign solvents is
to ensure availability of green solvents as replacements for
nongreen solvents of any kind. He uses the Kamlet-Taft
plots to show that current list of green solvents populate
only a small region of the entire spectrum of solvents needed
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Table 19. Physical Properties of 1-butyl-3-ethylimidazolium

[Tf,N]
1-butyl-3-ethyl
Properties imidazolium [Tf,N] Chloroform
Melting point (K) 222.78 209.65

Viscosity (cP) 55.59 0.542
Naphthalene solubility at 25°C 0.5069 0.473

for various applications and argues that large unpopulated
areas of this diagram mean that future process chemists and
engineers need solvents having certain desirable properties
and are green. ILs offer great potential to satisfy this need.

This article presents an overarching framework that can be
utilized to design optimal ILs for a given application through
the theoretical/computational consideration of all possible
combinations. Currently, the few IL structure-property mod-
els that are available can be applied to a small subset (e.g.,
the basis set shown in Table 3) of all available IL types.
However, for this method to be fully effective, we need GC
models and parameters that span the entire spectrum of ILs.
It is indeed possible to overcome this challenge as one needs
property values of only few representative compounds in
each class of IL (e.g., covering the groups shown in Appen-
dix A) to regress the contributions of the various groups. We
propose that future research should focus on experimental
property measurements and data collection of ILs that cover
a diverse set of cations, anions, and functional groups. The
second challenge is the lack of IL structure-property models
(i.e., solution to the forward problem) for various thermo-
physical properties of interest. There is a great need to
develop structure-property models of pure-component physi-
cal properties and thermodynamic solution (mixture) proper-
ties for a comprehensive set of ionic groups. The third
challenge would relate to the accuracy of the GC models.
However, as discussed earlier, as the primary aim of the
CAILD method would be to narrow down to a small set of
ILs from the millions of available alternatives, reasonably
accurate predictive models are sufficient. The final IL can be
selected by ab initio computational chemistry calculation or
experimental verifications of these small set of designed
compounds.

Progress toward designing ILs through proposed CAILD,
framework, will not only contribute toward our understand-
ing of the relationship between cation—anion structures and
IL properties, but will also provide a mechanism to engineer
new environmentally benign ILs for critical applications.
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Appendix A
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Appendix A Table Continued

Cation Structure Valency Anion Structure Groups Valency
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